Scattered waves observed at the seismographs of the National Italy's seismic network have been used to investigate the intrinsic dissipation and scattering properties of the lithosphere under the Southern Apennines, Italy. First, we investigate the coda-Q properties, then we apply the MLTW analysis in the hypothesis of velocity and scattering coefficient constant with depth, and finally we interpret these results with the aid of numerical simulations in a medium with depth dependent velocity and scattering coefficient.
I N T R O D U C T I O N
The estimate of the regional seismic attenuation parameters has the twofold aim of characterizing the propagation properties of the seismic waves in order to focus on seismic risk studies, and understanding the physics underlying the observed phenomenology. The main phenomena contributing to the seismic energy decay with distance are intrinsic dissipation and scattering absorption. Scattering is widely recognized to be the main cause for the generation of the so called coda of the signal, which is recorded for several kinds of signals at different wavelengths, in acoustics, optics and seismology.
The radiative transfer theory applied to seismology has been recently used to obtain the separate estimate of the scattering and intrinsic attenuation coefficients (Hoshiba 1993) . The main difficulty is the application of the theory to a realistic earth model. In the assumption of a uniform earth model, Zeng (1991) obtained an analytical solution describing the energy pattern vs time and distance, whilst in case of models with depth dependent velocity and attenuation, numerical solutions of the radiative equations are necessary to interpret the experimental data (Hoshiba 1997) . Using the uniform model, Fehler et al. (1992) developed a method based on the analysis of the integrated energy vs distance, calculated in three time windows, called Multiple Lapse Time Window Analysis (MLTW). Using this approach an estimate of the separated intrinsic and scattering attenuation coefficients is possible. This method has been widely applied to several tectonic areas (see e.g. Pujades et al. 1997; Hoshiba 1993; Mayeda et al. 1992; Akinci et al. 1995) allowing the relative comparison in terms of attenuation of areas with different tectonic properties. More recently Hoshiba (1995 Hoshiba ( , 1997 and (Hoshiba et al. 2001) , applied MLTW method to a non uniform medium, finding that the quantitative estimate of scattering attenuation depends strongly on the assumed velocity structure.
The recent Hoshiba's works demonstrates that the often incomplete knowledge of the velocity models and the necessity of reducing the number of the parameters to be inverted, confine the solutions to a class of possible values more than to a precise estimate of the attenuation parameters. On the other hand, the physical mechanisms at the base of the seismogram generation in the short period range is still quite unfocused, so that any, even non detailed, improvement in the knowledge of the attenuation mechanisms in the upper lithosphere may add further insight in the understanding the seismic dissipation processes. With this aim Margerin et al. (1998) and Margerin et al. (1999) examined the effect of a single scattering layer overlying an half space, paying special attention to the transition of the multiple scattering regime toward the diffusion regime. The authors found that the seismic coda shape is controlled by the layering of the geological structures, and that the coda-Q parameter, widely used to characterize the so called 'tectonic regime' of the investigated region, is determined by the energy leakage from the crust into the mantle. The considerations done by Margerin et al. (1998) and Margerin et al. (1999) may be of great utility for a reinterpretation of the coda-Q parameter measurements.
The present paper deals with the attempt to obtain a separate estimate of the intrinsic and scattering attenuation coefficients for Southern Apennines, an area which is considered of crucial importance in terms of seismic and volcanic risk, as it includes the Irpinia zone, where the strongest italian earthquakes of the last one hundred years occurred. We first measure coda-Q for the set of data available; then we estimate separately intrinsic and scattering attenuation coefficients using the radiative transfer theory in the approximation of Zeng (1991) with a MLTW approach in a uniform earth medium. Finally we interpret the results in terms of a simple model constituted by a scattering crust overlying a transparent upper mantle, with the aid of numerical simulations applying the radiative transfer theory. We show that intrinsic Q −1 (Q 
D A T A A N D T E C T O N I C F R A M E W O R K
The Southern Apennines chain is a Neogene thrust belt trending about NNW-SSE (Doglioni et al. 1996) . The geological structure of the chain is characterized by the presence of several paleogeographics domains involved in the mountain chain construction. Recent geophysical studies, such as seismic refraction profiles constrained by information from wells and commercial seismic lines as well as by gravity data, obtained a detailed seismic velocity structure of the Southern Apennines upper crust (Improta et al. 2000) . A strong discontinuity about 3-4 km deep marks the transition between the shallow sedimentary rocks and the Meso-Cenozoic limestone successions.The investigated area has been characterized by intense deformations during Pliocene and Pleistocene linked to predominant NE-SW and subordinate NW-SE extension along lineaments with Apenninic/anti-Apenninic directions (NW-SE/NE-SW) (Patacca & Scandone 1989) . These movements caused a moderately high rate of strong and destructive earthquakes in historical time. The deep structure of the Southern Apennines has been recently re-interpretated by Menardi Noguera & Rea (2000) that analyzed several kilometers of seismic lines and the results of many deep wells. These authors point out that the inner and the axial zones of the Southern Apennines have no deep crustal roots, with a Moho interface at approximately 30-35 km depth; they also show that the Southern Apennine deep structures (up to 35 km depth) show large tectonic windows along the axial zone of the thrust belt, characteristic of large scale heterogeneity.
From the seismic hazard point of view, the Southern Apennines represent one of the most dangerous regions of Italy owing to the occurrence of several earthquakes with intensity I ≥ IX MCS in the last centuries (i.e. 1456, 1688, 1694, 1805, 1857, 1930, 1962, 1980) . Seismicity is related to the active faults with Apenninic (NW-SE) and anti-Apenninic (NE-SW) directions with hypocentral depths rarely exceeding 20-25 km b.s.l. The focal mechanisms show prevalently strike-slip and dip-slip solutions. Four main seismogenic areas has been identified according to historical and recent activity: Southern Abruzzo area, Molise area, Beneventano area and CampaniaLucania area (Alessio et al. 1993) . Strong sequences of mainshockaftershocks type characterize the central and south-eastern sector of the chain (Campania-Lucania area), while in the north-western sector the seismic activity is mainly of swarm-type.
In the present paper we used data collected by the National Seismic network from 1995 to 1996 by means of 10 analog seismic station equipped with 1-Hz S13 Geotech sensors. Among the recorded seismicity we selected, on the basis of the signal to noise ratio, about 500 waveforms, sampled at the rate of 50 samples per seconds, concerning the events with focal depths between 5 and 30 km and Magnitude ranging between 2.2 and 4.0. Fig. 1 shows the distribution of events and stations used in the present paper plotted on a sketch map of the investigated area.
C O D A -Q
As well-known, the time envelope of the S-coda filtered at a given frequency band centered at a frequency f, shows a decaying exponential shape, given by
where Q −1 c is the coda decay factor, f is the frequency, t is the time elapsed from the origin time, or lapse time, and n is closer to 0.5, 1 or 0.75 depending on the dominance of surface, body or diffusive waves respectively (Sato & Fehler 1998) . Even though most researchers fix n = 1, in the assumptions of a main composition of S waves for the coda, the surface wave contribution may be important in the early coda (Campillo & Paul 1992) .
Relationship 1 with n = 1 corresponds to the amplitude envelope of the seismogram predicted by the 3-D single scattering model in the assumption that the coda is entirely composed by body waves scattered at the medium heterogeneity (Aki & Chouet 1975) . Using numerical solutions of the wave equation in heterogeneous media, Frankel & Wennerberg (1987) 
c is close to intrinsic Q −1 . For n = 0.5 relationship 1 corresponds to the complete 2-D multiple scattering solution, and in this case Q −1 c assumes properly the physical meaning of intrinsic Q −1 of the medium (Sato 1993) . Q −1 c ( f ) can be easily estimated by the experimental data, fitting the envelopes of the filtered seismic traces to the relationship 1 (Aki & Chouet 1975) .
We estimated Q −1 c for the investigated area filtering the coda waves in the frequency bands centered at 1.5, 3, 5, 7, 9 and 11 Hz. Coda envelopes, A(t, f ), were evaluated taking the r.m.s. of the filtered trace, and were fitted to relationship 1 using n = 1, with the technique of taking logs of both sides of relationship 1. The parameter Q −1 c was calculated for a lapse time fixed at 80 s. A detailed description of the utilized procedure is reported in Ibanez et al. (1993) .
M LT W A N A L Y S I S U S I N G U N I F O R M M O D E L

MLTW method
The scattered wave energy associated to a random isotropic scattering medium may be expressed as follows (Zeng 1991) :
where:
is the scattered energy density r o is the source position r is the position of the receiver r 1 is the position of the scatterer η is the coefficient of total attenuation η s is the coefficient of scattering attenuation υ is the S wave velocity
The incident wave energy from the source located at the coordinate origin is represented by the first term on the right-hand side of the eq. (2), while the second term is a linear superposition of the energy of the scattered waves generated from all possible scatterer points r 1 , received in r . Eq. (2) agrees well with the results from Montecarlo simulation (Hoshiba 1993 ) of the energy seismogram envelopes (Zeng 1991) . In case of weak scattering, both the single scattering model and the energy flux model (Sato & Fehler 1998) are in good agreement with eq. (2), while the diffusion model has a better agreement only in case of strong scattering. Gathering these observations up, Zeng (1991) , modified eq. (2) obtaining an approximate solution for multiple scattered wave energy in the following form:
with:
where: Zeng (1991) called the solution of eq. (3) hybrid-singlescattering-diffusion solution. The approximate solutions of eq. (3) are in a very good agreement with the general solution of eq. (2) for both strong and weak scattering at different source and receiver configurations. We adopted the hybrid-single-scattering-diffusion approximation to model absorption and scattering in the crust of the southern Apennines.
T H E M LT WA T E C H N I Q U E A N D D A T A A N A L Y S I S
The seismogram can be separated in three different parts: the first, starting from the onset of the direct S-wave and stopping at the end of the early coda; the second, including the middle part of the coda, and the third which includes the last part. The window length is chosen in such a way that the first window contains a significant contribution of the direct S-wave energy, while in the last two windows the contribution of the scattered wave energy predominates. Eq. (3) is used to calculate the time integral of the energy density for each window, obtaining three energy curves as function of the hypocentral distance, as follows: The time values t i (r ) reconstruct three successive time windows of appropriate length, starting from the S wave onset r v . These energy curves are parameterized in term of the seismic albedo B 0 and of the total attenuation L −1 e , where L e is the extinction distance over which the primary S-wave energy is decreased by e −1 . The integrals in eq. (5) are calculated for variousB 0 and L −1 e , normalized to take into account different source power and different site amplification: for this task we use the coda normalization method (Aki 1980) consisting in dividing E * i (r ) by the average coda energy calculated at a fixed reference time interval t * , evaluated at later lapse times (at least twice the S wave travel time). Additionally, E * 1 (r ), E * 2 (r ) and E * 3 (r ) are corrected for geometrical spreading, multiplying by the squared hypocentral distance. The corrected integrals are consequently written as:
We generated the theoretical
e ) for i = 1 . . . 3 after setting an appropriate range of variability for the seismic albedos and the extinction lengths. We fixed the duration of the time window, over which the energy integrals are calculated, equal to 12 s, and used an S wave velocity value equal to 3.5 km s −1 , corresponding to an average of the seismic S-wave velocity in the earth volume in which the scattering processes occur. Finally we fixed the energy at the source, E 0 , equal to 1.
The experimental integrated seismic energy, as function of the hypocentral distance and frequency for three successive time windows, was obtained by measuring the rms amplitudes over the bandpass filtered seismograms. We used a 10 poles Butterworth bandpass filter centred at the following frequencies: 1.5 Hz (with a bandwith of ±0.5), 3 Hz (with a bandwith of ±1), 5 Hz (with a bandwith of ±1), 7 Hz (with a bandwith of ±1), 9 Hz (with a bandwith of ±1), 11 Hz (with a bandwith of ±1). The three consecutive time windows were defined at 0-12 s, 12-24 s, 24-36 s, starting from the S-wave onset. We corrected the energy of each time window for both source and site effects by means of the coda normalization method (Aki 1980 ) at a reference time of 80 ± 10 s from the origin time, in order to avoid contamination with direct S-wave arrivals. In Fig. 2 we plot an example of the analyzed seismograms with the three time windows and the reference point of the coda normalization correction. Next, we applied the correction for the geometrical spreading multiplying by 4πr 2 , finally obtaining the measured corrected energy values Em i for i = 1 . . . 3 as a function of distance.
Em i ( i = 1 . . . 3) vs distance for the analyzed frequency bands are plotted in Fig. 5 . The first window shows the largest data scatter, Figure 4 . Maps of the residual (normalized to their minimum) for several hypocentral distance ranges for the 4-6 Hz frequency band.
which progressively diminishes in the following two windows. This effect has been observed in different areas (e.g. Mayeda et al. 1992; Akinci et al. 1995; Akinci & Eyidoan 2000) and has been explained with the differences in source radiation pattern among the events, as the adopted coda normalization corrects only for the source size (and shape) not taking into account the radiation pattern effects. In Table 1 . Results of L −1 e with its error, B 0 with its error, intrinsic Q −1 , scattering Q −1 , total Q −1 , measured and expected coda-Q −1 values obtained from uniform model. order to reduce this effect we applied a smoothing function on our data using a moving window of 5 km in length, sliding 50 per cent of its length each step. Experimental data have been compared to the model in order to estimate the best B 0 and Le −1 pair. Following Hoshiba (1991) we used the misfit function between data and model given by:
where Em i (r ) are the energies measured from the experimental data and Ec i (r ) are the theoretical ones.
The minimum of the function M(B 0 , L −1 e ) corresponds to the best estimate of B 0 and L −1 e in the sense of least squares. We graphically searched for the minimum in a grid of possible values of the parameters, as commonly done by many authors (see e.g. Hoshiba et al. 2001) . To estimate the error intervals in B 0 and L −1 e we used the F distribution at 60 per cent level of confidence. For this distribution the ratio of two random variables, each having a given number, N d, of degrees of freedom, is tabulated. If we plot the misfit function normalized by its minimum, we can define the range of the possible solutions simply accepting those with such value lower than that found on the table. In our case we considered as really different those solutions with a normalized residuals (with respect to the minimum) greater than 1.2. An example of application of this procedure is reported in Mayeda et al. (1992) . Fig. 3 shows the map of the residuals, normalized to their minimum, for all the frequency bands in the entire hypocentral range (0-80 km) evidencing the uniqueness of the minimum, as well as the fact that the solution is well constrained. The minimum very near to the lower bound of the B 0 values for the 8-10 Hz and 10-12 Hz frequency bands may be due to the grid extension; so, for f ≥ 8 Hz the solutions found may be considered as the upper limit for B 0 . This defines a greater incertainity in the estimate of both Q −1 i and Q −1 s for the high frequencies. In order to study how the solution changes as function of the hypocentral distances, we applied the method in four distance ranges: 0-30 km, 15-45 km, 30-60 km, 45-80 km. This analysis evidenced that the normalized residuals, in each frequency band, show modest changes with the hypocentral distance in the utilized distance range. These changes have no a statistical significance, being all inside the range of the possible solutions. As example, in Fig. 4 the spatial behaviour of the normalized residuals for the frequency band 4-6 Hz is reported. The dependence of the attenuation parameters on distance has been interpreted by Akinci et al. (1995) , as generated by a variation of the geometrical spreading coefficient with distance. The present results may consequently indicate that our assumption of a constant geometrical spreading is close to the reality.
R E S U L T S
The MLTW analysis, described in the previous sections, allowed us to calculate the L We also calculated the expected coda Q −1 values using the following relationship (Mayeda et al. 1992 ): 
where C n is the coefficient for the nth order scattering reported by Hoshiba (1991) , that we cut off at the 10th order for our estimate.
In Table 1 i values at all the frequencies. In Fig. 6 we plot the scattering, intrinsic, total and coda (both measured and expected) Q −1 versus frequency. The expected coda-Q −1 values are comparable to the measured ones, except for the 1-2 Hz frequency band.
C O M P A R I S O N W I T H N U M E R I C A L S I M U L A T I O N S I N D E P T H D E P E N D E N T M O D E L S
In the previuos section we estimated Q researchers (Hoshiba et al. 2001; Margerin et al. 1998) demonstrate that the effect of depth dependent scattering properties of the earth medium is considerable. In particular Hoshiba et al. (2001) studies the scattering attenuation and the intrinsic absorption of the high frequency seismic waves for Northern Chile, using numerical simulations of isotropic scattering for both uniform and depth dependent scattering models. Using a conceptual model, consisting of a uniform crust overlying a half-space (the mantle), Hoshiba et al. (2001) shows, for shallow sources, that the estimates of Q 
In order to check how much the estimates of Q −1 i and Q −1 s obtained in the present paper under the assumption of uniform model are dependent on the real earth structure present in the zone of the Southern Apennines, we use numerical simulations of the coda energy envelope in models with a depth dependence of velocity and scattering attenuation, and compare these envelopes with those obtained in the assumption of uniform model. We deduce three simple conceptual earth structures from the recent study of Menardi Noguera & Rea (2000) , all consisting of a strong scattering layer superimposed to a half-space with very low scattering coefficient, but differing in thickness and in velocity. The three conceptual models are reported in the top of Figs 7, 8 and 9. Note that for the earth model in Fig. 9 we choose a velocity structure of the shallow layer (4.1 km s −1 ) different from the one used for the earth model in Figs 7 and 8 due Figure 9 . The same as Fig. 7 for the earth model reported at the top of the figure. to the fact that the shallow layer in this case is thicker, so we have a different mean value for the S-velocity. We fix η i and vary η s in a reasonable range for the shallowest layer for the first and the third models, while we fix η s and vary η i for the second one. We make the assumption that the seismic sources are confined inside the scattering layer and hence we fix the source at a depth of 10 km, the average depth of our dataset. Then, we simulate the coda energy in each of these structures. Simulations are carried out using the Montecarlo approach described by Hoshiba (1997) , in which the energy propagation and scattering processes are approximated by the random walks of particles which can be conceptually treated as wavelets. We assume that both scattering and radiation pattern are isotropic at the source. From the paper of Hoshiba et al. (2001) , it can be observed that for sources with shallow depth (located inside the layer with the strongest amount of scattering) the coda decay pattern is, at least in first approximation, independent of distance for sufficiently long lapse times. Consequently we simulate the coda envelope for an epicenter colocated with the receiver. and η f it i ) are also reported. We observe that the uniform model becomes a good approximation of the multi-layer model for increasing thickness of the scattering layer, and that the factor η s which best fit the data is an underestimate of η s utilized for synthetics.
From the plots shown in Fig. 7 it can be deduced that, in case of a scattering crust overlying a semi-trasparent mantle, the estimates of η i obtained using the uniform model are consistent with those obtained for the crust, while the estimates of η s are overestimated of a factor around 2. The same occurs when we fix η s and let η i to vary (Fig. 8) . For the earth model reported at the top of Fig. 9 , the results of the simulation show that the estimates of η s obtained (Mayeda et al. 1992) , Canary Islands (Canas et al. 1998) , Northern Chile (Hoshiba et al. 2001) , North Anatolian fault, Andalucia-Spain (Akinci et al. 1995) , Kanto-Tokai Japan (Fehler et al. 1992 
D I S C U S S I O N A N D C O N C L U S I O N S
The seismic attenuation of the shear waves was studied in the zone of Southern Apennines, one of the most hazardous seismic zones of Europe, with the purpose of quantifying the separate amount of scattering attenuation and intrinsic absorption. The quantification of the seismic attenuation and the study of the physical mechanisms underlying the processes of dissipation is important in the seismic risk analysis. We used the MLTW analysis applied to the coda of the local earthquakes in the assumption of uniform distribution of scatterers and isotropic scattering, finding the following main conclusions for the Southern Apennines:
(1) The intrinsic dissipation is predominant over the scattering attenuation, except for the lowest frequency band analyzed in the present paper. It is frequency dependent, with Q −1 i decreasing with increasing frequency. This result can be compared with the general trend shown in the plots of Fig. 10(a,b) representing, respectively the pattern of Q −1 i and Q −1 s with frequency, for several areas around the world. At frequencies lower than about 4-5 Hz, the contributions of intrinsic and scattering attenuation are comparable, whilst the intrinsic dissipation predominates over the scattering attenuation at higher frequencies (Fig. 6) . For Southern Apennines the sole 1-2 Hz frequency band behaves as the general trend, while for all the other bands the scattering attenuation is negligible respect to the intrinsic absorption. This effect may be due to the fact that the seismic wavelength are lower than the average size of the heterogeneity as can be deduced by the Menardi Noguera & Rea recent results (2000), who point out the presence of large scale heterogeneity in Southern Apennines. The trend of the frequency dependence of Q −1 i is similar to most of the areas of the world investigated with the same method, except the area of Hawaii, which shows an opposite trend (Fig. 10a) . Interestingly, the Q −1 i in the frequency band between 1 and 2 Hz estimated in the present paper is coincident inside the error bounds with the estimate carried out by Malagnini et al. (2000) who use broadband data to infer the total Q-inverse in Apennines.
(2) A trend similar to that found for Southern Apennines was found by Hoshiba et al. (2001) in Northern Chile, where an approach based on numerical simulations of coda energy envelopes in a layered earth structure was applied to local earthquakes.
(3) The scattering attenuation at frequencies greater than 2 Hz practically does not affect the trend of energy decay with distance, being Q (Fig. 10b) .
(4) Q −1 c is close to Q −1 i as shown in Fig. 6 . (5) The bias introduced assuming a uniform scattering medium in MLTW analysis is quantifiable in an overerestimation of scattering attenuation under the reasonable hypothesis that most of the scattering phenomena occur inside the crust, and that the underlying upper mantle is almost transparent. This hypothesis has been tested using numerical simulations, which also show that the Q −1 i estimated using the uniform model is close to the Q −1 i for the crust.
(6) An interesting comparison can be carried out with the results obtained by Margerin et al. (1999) for Mexico. These authors use a conceptual model of a diffractive crust over a transparent mantle, showing that the interpretation of coda decaying in Mexico does not require a strong intrinsic attenuation, and that the frequency dependence of Q −1 i can be explained by the scattering in a stratified model. In the model used by Margerin et al. (1999) the seismic coda at low frequency is interpreted as governed by the time of residence of the diffuse waves in the crust. Our results do not agree with those obtained by Margerin et al. (1999) for Mexico, where Q −1 s is higher than that estimated for Southern Apennines. We find that Q −1 c is very close to Q −1 i and that scattering attenuation is much smaller than intrinsic absorption. The trend observed in Southern Apennines may be explained, at the light of the model by Margerin et al. (1999) , assuming that in the Southern Apennines the mean free path is much larger than the crustal thickness. The last assumption seems to be verified from a structural point of view since, in the investigated area, DSS profiles show a weakly heterogeneous crust (Menardi Noguera & Rea 2000) .
(7) Three volcanic areas border the Southern Apennine: Vesuvio and Campi Flegrei at North-West and Etna at South West. For these volcanic areas the separation of intrinsic and scattering Q obtained using a different method (Bianco et al. 1999; Del Pezzo et al. 1996) show that the attenuation is mainly produced by predominant scattering phenomena, that is the opposite we find for Southern Apennine in the present study. The weakly heterogeneous crust in Southern Apennine (Menardi Noguera & Rea 2000) showing a predominant intrinsic attenuation, is bordered by heavy heterogeneous volcanic crust showing a predominant scattering attenuation.
The above considerations strongly suggest the usefulness of depth-dependent MLTW method in order to obtain unbiased estimates of the attenuation parameters.
A C K N O W L E D G M E N T S
The authors thank the Staff of the National Seimic Network that provided the data-set in ascii format, and M. Hoshiba that allowed the use of his FORTRAN code for numerical simulations in depth dependent models. M. Hoshiba, R. Madariaga and an anonymous referee are acknowledged for the careful review and suggestions. G. Ventura is gratefully acknowledged for the helping discussion on the geological aspects of the investigated area. This paper has been supported by Italian Ministry of University and Scientific Research (MURST).
